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Introduction
Optoelectronic devices based on the acoustooptic (AO) interaction principle are widely used to analyze the optical radiation, in particular the AO tunable lters (AOTF) dedicated to spectral analysis [1, 2] . The problem of the temperature range, for operation and storage sometimes turns out to be important or even the restrictive factor for AOTF applications. A typical temperature range of AOTF is ±60
• C. Storage and/or operations below 80
• C are of particular importance in space applications [35] . Instruments containing the AOTF may be mounted in the places where the temperature stabilization is dicult or even impossible. The eect of temperature on the AOTF operation is far from being fully characterized [68] , theoretical analysis of inuence on the AOTF operation was not done. A consideration is that in TeO 2 , the phase matching ultrasound frequency depends on the temperature, and the relative shift is 10 The main characteristic of acousto-optic material is the so-called AO gure of merit [9, 10] . It is evaluated according to the following equation:
where ρ is the media density, p ij is the matrix of effective photoelastic coecients, V acoustic wave velocity along the chosen direction, n e , n o refraction indexes. Some physical properties of the crystal, for example the acoustic wave velocity, depend on the temperature. This dependence takes place as the elastic modules matrix elements, c ij [1114] change with the temperature. The acoustic wave velocity in crystals is dened by equation:
where v acoustic wave phase velocity, δ jk the Kronecker delta, and Γ jk = c ijkl n i n l is the second rank tensor. Using data from [1114] , with the help of (2) it is possible to calculate the dependences of acoustic waves velocities on the propagation direction for various temperatures. The propagation direction is set by the azimuthal angle θ, measured from the crystallographic axis Z in (110) plane or in other words by the cut o angle α measured from [110] axis in the same plane α = 90
• −θ. In this paper we consider the two cases of the TeO 2 crystal cut o angle: 19
• and 12.5
• . The dependence V (θ) varies with the temperature in a complicated way. Also the temperature inuences on acoustic walk o angle ψ. This eect is presented in Fig. 1 that shows the dependence of ψ shift (the dierence between ψ at normal conditions and ψ at low temperatures) on θ in (110) plane. This shift may be more than 1 deg, and may inuence the AO diraction characteristics. The testing of LIS AO module (hereafter AOM) was done to nd out whether it could withstand the temperature requirements for the Lunar and Mars surface missions. The check of the AOM operation consisted of measuring the AOTF transfer function at 1.15 µm (7980 MHz). At each measurement the AOM power consumption was checked in the whole operation range 2580 MHz (Fig. 2) . pigF PF he vs eyw power onsumption depenE denes on ultrsound frequeny reorded during the thermoEvuum tests in the rnge etween CRH
• g nd −50
• gF We followed the same approach to check the integrity of the LIS/ISEM prototype AOTF in the extended temperature range, to conrm survival temperature of 130
• C for the Mars surface mission. Careful inspection of the AOTF crystal did not show any damage or degradation neither in the crystal, nor in the transducers.
Results and discussion
The phase matching frequency becomes lower with decreasing temperature, in accordance with Eq. (3):
Here θ B is the Bragg angle; n i and n d are the crystal refraction indices for the incident and diracted optical waves. We have therefore ignored the temperature dependence of the TeO 2 dispersion in the present study. The overview of temperature inuence at AOTFs is presented in Table. In the tested LIS prototype AOTF operation temperature range (−50 . . . + 40
• C) the frequency shift (∆f ) amounts to 0.42 MHz, while the lter pass-band is 0.18 MHz. In the case of SPICAM AOTF the cuto angle is larger, and the dependence of the V on the temperature is smaller. But the phase matching frequency shift is still signicant: for the range −20 . . . + 20 The phase matching frequency was computed for the values of the c ij measured in [1114] . In Fig. 3a,b we compare the theoretical dependences of the phase matching frequency on temperature computed with the use of Eqs. (2), (3) and experimental elastic coecients from [13] with those obtained experimentally. In the temperature range considered the phase-matching frequency shift for a wide-aperture AOTF depends linearly on the temperature. The relative shift amounts to 2.5 × 10 −5 K −1 for SPICAM and 6.6 × 10 −5 K −1 for the LIS prototype. A signicant scatter of the theoretical points is caused by the accuracy of the c ij values presented in [13] . Despite the lower accuracy of the theoretical results, the corresponding relative shift of the phase-matching frequency is noticeably larger in both cases, and amounts to 3.2 × 10 5 and 7.9 × 10 5 K −1 for SPICAM and LIS AOTF congurations. This bias of 20 30% might be related to the temperature variation of the TeO 2 dispersion, ignored in the present analysis.
Besides the eect of the temperature on the AO interaction, the power consumption of the device depends on temperature, too. The AO diraction eciency for pigF QF hse mthing frequeny in funtion of temE perture for two eyp deviesF @A sgewEs eypY the optil wvelength of inident light is IFSQ µmF glirtion results IQ re mrked with solid squresF @A vs prototype eypF he optil wveE length of inident light is IFIS µmF est results re mrked with solid squres with error rsF longer optical wavelengths, corresponding to lower ultrasound frequencies, is smaller than that for shorter optical wavelengths. This denes higher power consumption at low ultrasound frequencies, as in Fig. 2 . The AOM power consumption was monitored during the thermal tests in the range between +20
• C and 50
• C. Generally the power consumption decreases with the temperature. The reduction is the most signicant at 40
• C. It varies from 1015% at longer wavelengths up to 75% at shorter wavelengths. The decrease of the maximal AO diraction eciency at low temperatures following the decrease in the AOM power consumption is also apparent in measured LIS transfer functions. At −40
• C the diraction eciency is reduced from ≈ 80% to ≈ 40%, while the power consumption falls to 75% of the value obtained at normal conditions (Fig. 2) .
Conclusions
We have analyzed the eect of temperature inuence on the operation of wide-angle TeO 2 AOTFs theoretically and experimentally. We use the results of two spaceborne AOTF devices testing in an extended temperature range. Three eects of the temperature are considered, the shift of the phase matching frequency, the shift of acoustic walk o angle, and the AO eciency. It is shown that for the two cut-o angles in TeO 2 (110) the temperature depression causes a phase matching frequency shift towards lower ultrasound frequencies. This shift depends on the cut-o angle. The phase matching frequency is changing with temperature linearly. The results obtained can be further generalized to all wideangle AOTF's fabricated on the base of TeO 2 . Comparing the measurements to theoretical estimations we conrm that the shift of the phase matching frequency is mostly explained by the temperature modication of the slow acoustic wave in TeO 2 . During the tests of the LIS AOTF prototype we achieved extremely low AOTF non-operational temperatures, down to 130
• C. After tests AOTF appeared fully operational, without loss in optical or electrical properties.
